introduction
Textile fibres are known for their specific properties and for a wide range of their applications. Their extreme form are nanofibres, where in relation to the very small diameter of fibres, there appear even more considerable differences compared to homogenous, isotropic material. With nanofibres, we encounter a large value of the unit area, extreme absorbing capacity and outstanding filtration properties. Therefore, in the near future, it is possible to expect their substantial expansion to most varied areas of application. Mechanical properties of textile nanofibres formation are important not only in terms of use of the resulting products, but also in terms of their processing in the form of the input materials of conventional textile technologies (e.g. weaving). This article is a contribution to solving this issue and thus adds findings from previously published works in the field of theoretical and experimental analysis of the mechanical properties of nanofibres [see [1] [2] [3] or the method of their production [see [4] [5] [6] [7] [8] [9] [10] , which affects the mechanical properties of nanofibres.
From the point of view of application of varied products and formations made of nanofibres, their mechanical properties under static and dynamic loading are of importance too. In comparison to conventional linear textile formations, the assemblies made of nanofibres are characterised by a relatively low degree of orientation of fibres in their internal structure. Does this fact exert influence on their mechanical characteristics, and how do the mechanical properties of assemblies made of nanofibres differ from conventional linear textile formations? The present study is concerned mainly with these issues. As a representative of materials with high concentration of fibres, the standard two-fold twisted polypropylene yarn was chosen, and its mechanical characteristics were confronted with an object formed by a 'strip' of nanofibres.
The mechanical properties of both the textile objects have been ascertained both under static and dynamic loading. For static loading, the standard strength test realised on the device Instron 4411 was employed, and the outputs were the values of strength and elongation at break, as well as the values of static modules of rigidity, which in this case are defined as the slopes of regression straight lines interpolated through tensile curves.
For dynamic loading, the special device VibTex was employed, which allows for cyclical elongation of textiles in a wide range of frequencies. In this case, this study is a direct follow-up of the publication [11] , which describes in detail the structure of this equipment, the procedure employed in the realisation of tests and the method of processing measured data, including the deduction of relations for calculation of dynamic modules and loss angles. Therefore, we indicate here the resultant relations for the calculation of the said parameters only (see relations (1) and (2)):
• Dynamic module of rigidity C:
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Relation of the length deformation of the fibre and of single yarn

Deformation of fibres during twisting operation
Considering the helical model of the yarn [13] , the relative elongation of a fibre laid helically on the radius r will be (see Owing to the shortening of the yarn due to the twist, the axial projection of the length l 1 will have the value l 2 , and the coefficient of shortening will be (see relation (5)):
where s is coefficient of shortening, l 2 is length of axial projection of the fibre after shortening of the yarn due to the twist [m].
On the radius r, the length of the fibre laid here in form of a helix will have the value l 1´ [see relation (6) Relative elongation of the fibre on the radius r (see relation (7)):
where: ∆ Q max is the maximum change of the tensile force during harmonic extension, ∆ L max is the maximum elongation of the textile formation during harmonic extension
where: H stands for the hysteresis, that is, the dissipation of energy during one period This study is divided into several parts. The theoretical section is concerned with the issue of internal structure of plied yarn and resulting differences in the orientation and straightening of fibres and utilisation of deformation properties of fibres in comparison to the referred nanotextile. The experimental part contains detailed description of employed textile formations, the description of conditions for realisation of both static and dynamic tests, and the results of the tests, that is, the respective mechanical characteristics of textile formations. In the final section of the study, these mechanical characteristics are confronted mutually.
Theoretical part
The mechanical properties of textile fibre formations for a certain fibrous material are highly dependent on the geometrical structure of the concerned fibrous product [12] .
In our case, when comparing mechanical characteristics of linear fibrous formation, namely linear nanotextiles (nano strips) and plied yarn, the differences in the geometrical structure are particularly considerable, which subsequently comes through in the differences concerning mechanical properties of the said textile fibrous formations.
As far as linear nanotextiles are concerned, from the enclosed microscopic shots (see the experimental part of the study), it is evident that their geometrical structure is characterised by random orientation of fibres and a low degree of their straightening.
As can be seen in the shots, the plied yarn is characterised by a markedly more regular geometrical structure. It is due to the respective technological processes, namely the processes of elongation and of imparting the spinning and ply twists to the yarn in the corresponding phases of the overall technology of manufacture of plied yarn. On this basis, it is possible − to a certain degree of approximation at least − to express geometrical structure of both single and twisted yarns by means of helical model. With the helical model, it is possible, based on geometrical laws, to express the relation of length deformations of the fibre, that the relation is small too, and we can neglect quadratic terms (14):
We employ the equation (8), and obtain the final relation (15): On the whole, we can state that the twist structure produces certain unevenness both in the pretension and in the loading of fibres during tensile stress of single yarn.
Relation between length deformation of single yarn and plied yarn
In order to determine the said relation, we employ an analogical procedure based in the presumed helical model of geometrical structure of single yarn in the plied yarn. When conceiving the structure of plied yarn in this way, we can, in addition, count with the assumption that by the habitual employment of spinning and plying twists of opposite directions, the geometrical orientation of fibres improves in the sense that it approaches the axial direction of the plied yarn, which means a better utilisation of the strength of proper fibres. The twist structure creates a relatively high unevenness in the pre-tension of fibres, though we must admit that in outside layers of the yarn, fibre slippage can occur.
The given fibrous assemblies corresponding to helical model of yarn is characterised by unevenness in the pre-tension of fibres, which influences the degree of utilisation of the strength of fibrous substance in the yarn, that is, the mechanical properties of this yarn.
From the concerned theoretical analysis, it can be understood that the twist structure is an important factor influencing mechanical properties of yarn, which will be confirmed in the following analysis of deformation of yarns during tensile strength of the yarn too.
Deformation of fibres during tensile stress of single yarn
In this case also, we base ourselves in helical model of geometrical structure of the yarn.
The relation for the length of the coil of the fibre l v in not loaded (l v1 ) and loaded (l v2 ) conditions (see relations (11) and (12)): We assume that during the deformation, it applies that r = const. (i.e., we assume small deformations). We express in the resulting plied yarn, in comparison to not oriented fibre structure, characterised by a low degree of orientation of fibres.
Experimental part
Tested materials
As indicated above already, static tests are realised on twofold plied polypropylene yarn of nominal fineness 25 tex × 2, with plying twist 439 m −1 and spinning twist 612 m −1 . This yarn serves as a representative of conventional linear textiles with high degree of orientation of fibres.
As a representative of materials with low orientation of fibres, a nanofibre layer in the form of a strip 10 mm wide and 500 mm long has been used. This strip has been cut off from a nanofibre layer of planar weight 12 gm −2 . The layer has been made by the technology of electrostatic spinning on the equipment Nanospider [14] (Elmarco, Czech Republic) from polyamide 6. The nanofibres of the dia. 155 nm are not oriented structurally. On the basis of the planar weight of nanofibre layer and the dimensions of the strips, it is possible to establish the corresponding fineness, in this particular case 120 tex. At the average density of polyamide 6 (1.14 g/cm 3 ), to the fineness of 120 tex, there corresponds the area of the cross-section of the polymer 0.108 mm 2 .
Adjusting the relation (16), we obtain equation (17): On the basis of the said analysis carried out by means of helical model of geometrical structures of both single and two-fold twisted yarns, the effects of the spinning twist on the formation of the initial structure of pre-tension of fibres independence on the radius of the helix are evident, as well as resultant effects of spinning and plying twists during tensile stress.
On the whole, the actual structure of two-fold twisted yarn is propitious from the point of view of utilisation of the initial mechanical properties of fibres. During tensile stress of plied yarn, favourable effects are exerted by the proper spinning twist, and also by employment of contrary directions of the spinning and plying twists, which improves longitudinal orientation of fibres with respect to the axis of the plied yarn, on condition that the fibres are fixed in the structure of the plied yarn sufficiently. The real levelling effect of the doubling process, related to the twisting of the actual plied yarn, also has a positive effect on its mechanical properties. The structure of the two-fold twisted yarn oriented in this way creates better conditions for utilisation of mechanical properties of the fibres The results of the strength tests also include the tension curves, which characterise the dependence of the tensile force on the elongation (see Figures 1 and 2 ).
Mechanical properties under static loading
On the device Instron 4411, the tests of strength of both the polypropylene yarn and strips of nanofibres has been realised, with clamping length 200 mm and pre-tension 400 mN. The velocity of the cross-tie has been adjusted to the value of 100 mm/min. The measuring has been realised under standard climatic conditions (temperature: 22°C, relative humidity: 65%), and for the purpose of statistical processing, 10 measurings have been carried out. The conditions of measuring on the device Instron are shown in Table 2 , the results are shown in Table 3 . figure 1 . Example of tension curve of conventional yarn till the break figure 2 . Example of the tension curve of the strip of nanofibres till the break
Mechanical properties under dynamic loading
Dynamic tests have been realised on the equipment VibTex (see [15] , [16] and [17] ). The polypropylene yarn as well as the nanofibre strips with clamping length 200 mm have been extended harmonically with maximum elongation 4 mm, pretension 400 mN and varied frequencies: 20 Hz, 40 Hz, 60 Hz, 80 Hz and 100 Hz. The measurements have been realised under standard climatic conditions (temperature: 22°C, relative humidity: 65%). For the purposes of statistic processing, at each frequency, 10 measurements were always realised, with
From the standpoint of mutual comparison of mechanical properties (modules of rigidity) during static and dynamic stress, the area of elongation till the value 4 mm is of importance (during dynamic loading, the yarn has been extended harmonically with maximum elongation 4 mm -see below). Therefore, we define the static module of rigidity as the slope of the regression straight line, the equation of which is determined by the method of least squares. The straight line is interpolated through the values that determine the tension curve in the area of elongation till 4 mm (see Fig. 3 and 4) , where we compare experimental results with linear model (Hook's law). 
discussion
In the Figure 6 , the static and dynamic modules of rigidity of conventional polypropylene yarn and strips of nanofibres are compared in the form of bar charts.
From the ascertained values, it can be seen that the studied samples of conventional yarn and strips of nanofibres do not show significant differences of static modules of rigidity. We suppose that at small initial deformation and depending on varied yarn sections of the sample of tested material. The measuring conditions are resumed in the Table 5 .
The measured data have been processed by means of the programme VibTex Soft, which, by means of algorithms described in [11] , calculates the values of dynamic modules and loss angles for individual measurements. In the Table 6 , these parameters are shown for conventional yarn and nanofibre strips. Examples of tensile curves of yarns at the frequency 40 Hz are shown in Figure 5 . A different situation arises in case of cyclical stress. Here, the values of dynamic modules of conventional yarn and nanofibre strips differ markedly at all studied frequencies [18] .
In the Figure 7 , the loss angles of conventional polypropylene yarn and strips of nanofibres are compared in form of bar charts.
At all tested frequencies, the conventional yarn shows lower values of loss angles than the strips of nanofibres. The loss angle is proportional to the dissipation of energy during one period (see [11] ), and therefore, it is possible to state that in the given regime of cyclical stress, the strips of nanofibres show a higher dissipation of energy, as consequence of substantially different structures of both fibrous formations.
Moreover, the test results show that the dynamic module of both types of samples is independent on the frequency of extension in the range from 20 to 100 Hz. The values of dynamic modules for individual frequencies do not show statistically important differences. On the other hand, the static modules of rigidity are considerably lower in comparison to the dynamic values. The reasons for these phenomena are being subject to theoretical analysis at present, and the ascertained pieces of knowledge will be published in following publications.
From the ascertained results, it is evident the significant effect of the degree of orientation of fibres in a textile formations on its strength. From the values indicated in the Table 3 , it follows that the relative strength of strips of nanofibres (as a representative of materials with low degree of orientation of fibres) is markedly lower than the relative strength of conventional yarn (representative of materials with high orientation of fibres).
conclusion
The main conclusions of realised experiments show that the degree of orientation of fibres needs not exert a substantial influence on mechanical properties of textile assemblies at static loading in the area of relatively small deformations. The degree of orientation of fibres and other differences in the structure and properties of submitted samples affect considerably their mechanical behaviour at dynamic stress. Therefore, with new materials (of the type of nanofibre strips), due attention must be paid to their mechanical characteristics namely in this stress regime. We cope with dynamic stress of textile materials both in the process of their manufacture (e.g. weaving) and in the end use of some final textile products. In order to provide for necessary utility properties of the products made of new and not traditional materials, and to prevent technological problems in the course of their processing, a theoretical & experimental analysis of their mechanical properties is required.
